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ABSTRACT

Crater data have been examined from recent hypervelocity impact and chemical
explosion experiments conducted in accelerating frames. Data have been identified
from experiments for which the conditions of similitude have been very nearly
achieved, Examination of these data from similar experiments indlcates that
fourth-root or gravity scaling is the rule which best relates crater dimensions to
the energy release of impacting projectiles or explosives. Implications for
chemical and nuclear explosion cratering are that in model experiments where the
gravitational field is constant the specific energy and dimensions of the explosive
must be scaled as the fourth-root o;‘ explosion energy release., Additionally,
medium properties must be appropriately scaled in similar experiments. Because of
the impracticability of realizing the constraints imposed on model experiments by
similitude requirements attention in future experiments should be focused on the
gources of similarity violation and their influence on empirical relationships
derived from experiments. Experiments in accelerating frames with both explosive
sources and hypervelocity impact projectiles offer one means for investigating
effects of similitude violation. Teo further elucidate the question of crater
scaling, experiments in acceleraﬁing frames may be conducted which I;JDSt nearly

achieve the conditions of similitude required.

* This article sponsored by the U. S. Department of Energy under Conrtract
DE-ACO4-76-DPOOTE9.
+ A U. S. Department of Energy Facility.



INTRODUCTTON

The phenomens relating to craters produced by explosives or by impacting
bodlies are not well understood. In attemplis to betier understand the mechanisms
and effects associated with the cratering process small scale experiments are
conducted. From smell scale or model experiments information 1s obtained which
in principle can be related to large-scale events or prototype experiments such
as the lmpact of meteor bodies on planetary surraces or the energy release o
puclear explosions. Since the magnitude of energy release associated with mxcle_ar
explosions and meteors 1s often so lurge, modeling represents the only experimental
methol available fer study of full scele cratering events. In practice, however,
implementation of the modeling *“echnigue is difficult and in many cases imposcible.

The weans for performing model experiments are indicated in sceling rules
derived from dimensional analysis (Chabai, 1977) or similarity snalysis (Ochmidt
gad llolsapple, 1978). One result of these esnalyses 15 that crater dimensions
should scale as the cube-root or the fourth-root of the explosior osr impact
energy depending on whether or not gravity is considered :mportant to the crater-
ing process. '

The history of scale model experiments presents a confusing picture. Early
explosi~e cratering experiments (Lampson, 1SL6; COE, 1960) with small chemical
explosives (less than 50 kg TNT) revealed that cube-root scaling descrited the
crater Jata, i.e., erater dimensions were proportional to the cube-root of the
explosive energy release. Experiments in Nevada alluvium with buried TYT charges
of mass 50 to 106 kg demonstrate unambiguously that ns?i“her cube-roct nor fourth-
root sceling prevails, Rather, the empirical observation from these experiments
is that orater dimensions are proportional to, or scale as, the 1/3.4 power of
TNT energy release (Nordyke, 1962; Chebal, 1965). A host of data from surface
burst explosions in various soil and rock media (Vortmen, 1968, 1977) provide the

result that crater radius and crater depth each scale differently with explosive



energy. Furthermore, the crater rsdius and depth are found to be proporticnal to
powers of energy release which, in general, differ sigolficantly from 1/3 or 1/4.

Experiments with chemical explosives in accelersting frames (Viktorov and;
Stepanov, 1960; Johnson et al., 1969; Rodionov, 1970) and in centrifuges (Schmidt,
1377) have clearly established the influence of gravitational fields on the size of
oraters produced. Hypervelocity impact experiments (Gault and Wedekind, 1977) in
accelerating frames have also shown that crater size is affected by the magnitude
of the gravity field. The effect of atmospheric pressure on explosive crater size
nas been dramatically demonstrated in experiments by Herr (1971) and by Johnson
et al. (1569). All of these small scale experiments clearly indicate that the
gravity Tieli is zigniflcant in the cratering process.

The superabuniance of crater data collected to date from large scale field
explozives has not, in fact, resulted in relizble scaling rules. Instead, empiri-
cal relationships among 3imensionless variable: have been established wnich are
largely limited to particular explocives and to specific media (Vortman, 1968;
Nordyke, 1977). These relationsnips may be used with confidence primarily as an
interpolative *ocl in the same med:{um and with the same explosive. They cannot be
considered reliable for application to different media, to different explosives
or in extrapolation to the much larger energy releases from nuclear explosives or
meteoritic impacts.

That reliable scaling rules have not been obtained from attempied model
experiments may be z consequence of not realizing similitude in the wodel experi-
ments. Irherent in the empirical relationships obtained is a reflection of those
violations of the simiiitude regui~ement. The degree of violation may vary with
the cratered medium, with the type of explosive, with explosive siz.e, and with
conditions of the model experiment, The source and degree of viclation of simili-
tude is not rcadily identifieble. Tnability to scale medium properties such as

density, strength, modulus, layering or explosive properties such as specific



ene gy and Chapman-Jouguet pressure lead to absence of gsimilitude in model experi-
ments and, hence, to empirical relationships rather than scaling rules. Rarely in
actual. experiments have the conditions imposed by the demands of similitude been
met. In view of this, we should attempt to better understand the deviations from
expected scaling laws and to establish new experimental environments where the

constraints of similitude may more easily be met.

SCALINC RULES AND SIMILITUDE

Acknowledging the influence of gravity fields in crater formation, as estab-
lished by small scale laboratory experiments, a dimensionel analysis (Chabai, 1977;
Gault and Wedekind, 1977) or similarity analysis (Schmidt and Holsapple, 1978) may
be made on the variables deemed significant to crater formation by explosive
charges or by impacting projectiles. Relationshlips among dimensionless varisbles

or T-terms are obtained. For scaled crater radius the result is
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Notation is illustrated in Figure 3.. Analogous relationships are obtained for crater

depth and volume. Target materlal properties, density, sound speed (compress-
ibility) and strength are represented by p, C and Y, respectively, Explosive
properties are indicated by E, the total energy release, g, the explosive specific
energy and a, the charge radius. The explosive charge burial depth, 4, is an
independent varisble. Hydrostatic pressure is represented by p and g is the
acceleration due to gravity. For Impacting spherdcal projectiles ¥ is taken to be
the kinetic energy, g the specific kinctic energy and a, the projectile radius.

It should be noted that the explosive burial depth, d, is not relevant to the
impact cratering case (Figure 1). Each of the terms of Fquation (1) are dimension-
/%

less and are scaled varisbles; for exumple, the scaled radius is l'lf: = r(pg/E)



Equation (1) is equivalently written
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The scaling rules indicated by the Tif-terms are referred to as gravity scaling or
fourth-root scaling rules.

When gravity is considered to be unimportant to the cratering process, the

farwiliar cube-root scaling rules are obtained:

S R B = T @
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In T-ferm notation Equation (3) is written
e € ¢ e 6
nr = fQ(Kd’ ?[P’ nY’ Ha’ :Iq) (1*)

where superseript ¢ .denotes l-terms for cube-root sealing.

Th¢ relative importance of thg various [I~te.ms is not known a priori and the
funetions I‘l and fe are not given hy dimensional analysis. Thkis information must
be obtained from experiments or theory. Determination of the lmportance of the
various :l-terms in the cratering process represents a major challenge for fubure
cratering experiments. Computer simulations of cratering (e.g., Bryan, et al.,
1978) can also be exvected to contribute to increased unierstanding in this area.

In a model experiment similitude 1s achieved if all the [l-arguments of the
funetion, f, have values identlcal to those of the prototype experiment. When this
is the case, Hr will also have identical values for both model and prototype
experiments. Oniy when similitl;.de is reallzed in model experiments will the scaled
quantities be representative of the prototype event.

When performing model explosive crotering experiments in a constant gravi-

tational field and in a target medium of fixed density, Equation (1) requires that



the target medium properties, C and Y, be changed such that the ratios C/El/ 8 and
Y/El/ 4 remain congtant so as to maintain the same ﬂ: and ?L§ velues for both model
and prototype experiments. The hydrostatic pressure, explosive charge radius and
explosive specific energy must also be scaled as Elf b 1f similitude 1s to be
realized., Since most of our experiments on explosive cratering are ccnducted in
target media whose properties are generally unalterable, under fixed atmospheric
pressure conditions and with explosives of a single type whose specific energy is
constant, the conditions of similitude demanded by Equetion (1) cannct te achieved.
However, when verforming model cratering experiments based on Equation (3},
similitude 4is readily achleved by conducting experiments in the same mwedium with the
same type of explosive.

Evidence from fleld experiments indicates that neither fourth-root nor cuve-
root scaling of crater dimensions is obtainel. Laboratory experiments in z:celerst-
ing frames have demonstrated the significance of gravitational acceleraticn on
cratering. It seems reasonable to hypotuesize that Eguetion (1) iz the valid Je-
scrdption for conducting model experiments and that field experiments to date con-
ducted in a constant gravitationsl ‘field are nonsimilar. Observations from these
nonsimilar experiments provide empirical relationships among dimensionless quantities,
e.g., the cratering, depth-of-burst curves Ilr = f“d) (Chabai, 1965; Nordyke, 1977).
These relationshkips are not the scaiing rules that would be obtained from experi-

ments with similitude. While it is recognized that our usual experiments are not

£

o’ H;, Ui or II;, contribute

similar it is not known which of the variables, T[;, Y
most to violation of similitude and to what degree. Herr's (1971) experiments
demonstrate that larger values of ﬂi are produced by a decrease in fl;. It seems
reasonable to assume that an indérease in target strength and in modulus (;’Li and EIZ)
would result in a smaller crater {decrease in Hi). It might be expected then,
that as experiments are conducted with larger explosions, in the same medium and

in a constant gravitationsl field, the variables H;, ;’Ig and ﬂ,§ take on a less



significant role in violation of similitude., The same observation mey be true for
HZ and H:; i.e., as the scale of the experiment is increased by employment of‘
larger explosives, or projectiles with greater mass and veloclty, the contribution
to similarity violation from these sources diminlshes and the expsriments approach
more nearly the conditions of similitude desired. Unfortunately, nature does not
appear to be sufficiently accommodating to provide a target medium whose properties
are uniform and constant. Consequently, the possibility of evaluating these
speculations by field experiments seems remote indeed since field experiments in e
constant gravitational field are .onsimilar and since target media occurring in
nature are usually insufficiently homogeneous. For these reasons empirizal relztion-
ships obtained in one meiium cannot readily ove applied to another target medium.
Results for one explosive cannot be used with great confidence in cratering experi-
ments with different explosives in the same medium. Also, extrapolation to larger
explosive energies is uncertain.

Equation (1) indicates that to maintaln similitude among cratering experiments
in the same medium the product g3¢ must be held constant among experiments. When

.

the size of the explosive energy release is varied the value of g must be changed
accordingly. The variable Hg requires that g remain constant in experiments when
g3E is held fixed, so that the same explosive must be utilized for all experiments.

For hypervelocity impact experiments in the same target material the simiiitude
requirement, g3E = conscant, demands that q = (1/2)V2 or the impact veloeity, V,
remain fixed among experiments. It is seen from Hi/ﬂi = q/ag that the product of
projectile radius, a, and frame acceleration, g, must be invariant smong impact
experiments in the same medium.

The impracticality of varying target material properties prevénts performance
of cratering experiments with simiiitude when the gravitalionml field is constant.
Explosive or impact cratering experiments In the same target medium must be ~

conducted in accelerating frames 1f similitude is to be realized. For explosive



cratering the same explosive must be used (Schmidt and Holsapple, 1978) end for
impact cratering projectlles of varying radius must bave the same veloe’ ty auong
experiments. The condition on frame acceleration, g, in these experiments i3
determined from ag = constant where a is charge radius or the radius of a spheri~

cally impacting projectile.

EXAMINATION OF DATA FROM CRATERING EXPERIMENTS CONDUCTED IN ACCELERATING FRAMES

Nearly 100 cratering exveriments have been conducted by Gault znd Vedekind
(1977) in gravitational field enviromments ranging from 0.72 to 9.8 m/sz. Aluminum
spheres of radii 0.795, 1.590 and 3.17% mm impacted quartz sand targets at normal
incidence with velocities ranging from O.4 to 7 ¥m/s. Crater dismsters and crater
forwmation times were meesured. Results from one set of exy=riments by Gault and
Wedekind are shown in Figure 2 for impacting spheres of the same size und kinetic
energy. The dependence of crater radius on gravitational acceleration is shown

-0.165 = C.005"

(ge = 9.8 m/s2). This dependence is r o g in opposition to the

result provided by dimensionasl analysis, r a g-0.25C " Gault and Wedekind provide
one plausible explanation for this:deviation which is associated with the sm2ll,
but nevertheless significant, shear strength effects exertel by the quartz sand
medium during the cratering process. They alsc suggest the possibility of other
unidentified factors, in addition to medium shear strength, which may be contrib-
uting to the discrepancy between measured and expected dependence of r on g.

An alternative explanation for the deviation between the experimental and
dimensional analysis results may reside in lack of similitude among the expériments
of the set illustrated in Figure 2. As diseussed in the previous section, impact

3

experiments in the same target medium require that smong those experiments g”E be

constant for achievement of similitude. This condition forces the specific kinetic

¥ Uncertainty in velue of scaling exponent is given at the 95% cunfidence level,



erergy {or velocity) of impacting projectiles to be constent among all experiments
and further, that the product of projectile diameter and gravitational acceleration,
ag, be 1dentical for all experiments, In the experiment set of Figure 2 only the
condition for constant specific tinetic energy is met. In consequence, inability
to conduct experiments with all similitude constraints satisfied may be the prinei-
pal cause of the observed deviation.

Data from all sets of the Gault-Wedekind experiments have been examined in an
effort to find multiple experiments tor which the conditions of similitude zre met.
Only one pair of experiments was found that had the same scaled projectile radius,
nearly the same value for g3E and nearly the same value of the product ag. Infor-
mation on, and data from, this pair of experiments (A and B) are listed in Tahble I.

The experiment peir, A ani B, of Table I closely meets all the requirements of
similitude. Velocities of the impacting projectiles are nearly iientical, Values
of g3E ani ag are nearly the same as necessary tor similitude. Gravitatioral
acceleration levels were significantly jifferent znd actual crater radii differed
by more than a factor of 2. Each experiment represents considerably different
coniitio;xs but maintains the constrdints imposed by similitude., Values of the
scaled crater radii for experiments A ani B differ by less than 7%, which percent-
age 1s zpproximately the experimental uncertainty estimated for the actual crater
radil. The agreement in values of the scaleC radii is within limits of experi-
mental error and could be interpreted as a verification of gravity scaling for
projectiles impacting quartz sand. However, within the limits of experimentel
error, cube-root scaling is equally appropriate Tor these two experiments.

Also shown in Teble I are dsta from explosion experiments conducted at differ-
ert g-levels with a centrifuge (Schmidt and Holsapple, 1978). These experiments
meet the similitude recuirements of gravity scaling. As with the impact experi-

-
ments values of .'I; differ by less than &% suggesting validity of gravity scaling.



Values of ni {or r/i,‘l/3) also differ by less than 8% suggesting that cube-root
scaling 1s correct. The paucity of data strain such interpretations and do not
permit firm conclusions. The need for additional gravity scaled experiments is
evijent.

To examine the competing hypothesis that the cube-root rule vest describes
results of model cratering experiments edditional data from Gault and Weiekind and
from Schmidt and Holsapple were examined. Three sets of data were isolated (Table
II) which met the similitude conditions of cube-root scaling. Within each set of
similar experiments, comparigons can be made of the values of r/El /3 (proportio@
to 'ﬁi). For comparsble changes in energy release, E, between model experiment
pairs, the percentage differences in Tig are comparable with those in ﬂi. However,
meximum percentage differences in T{i within each set of similar impact experiments
are seen to be considerably greeter than the uncertainty error associated with
experiments. PFurther, for each set of similar experiments one finds that as E
increases, the cube-root scaled radius, T‘.g, systematicelly Aecreases rather than
remains constant. This observation is reminiscent of the cratering data from
field experiments in alluvial soil ‘of the Neveda Test S$ite (Chabai, 1965). There
it was found that larger energy releases produced smaller cube-root scaled craters
and that 1/3.L scaling better dezcribed the data than did cube-root scaling. The
1dmited amount of data from well-ccntrolled laboratory wodel experiments in quartz
sand. with both hypervelocity projectiles and chemical explosives, appears to con~
firm the trend of results cobserved from large-scale chemical explosions in Nevada
alluvium. These results demonstrate that cube-root scaling is insdegquate for
estlmation of crater dimensions produced by prototype explosions using model
experiment data.

From Equation (1) and Equation (3) it is seen that, among craterinz experi-

ments with similitude in 2 medlum whose properties remain coostant, crater radius



is proportional to (E/'g)l/h for gravity scaling and teo 1-11/3 for cube-ruot szealing.
A plot of crater radius, r, versus effective energy release, gel-’:/g, for each set
of similar experiments vrovidss information on the scalirg exponent of E. Data
from Tables I and IT have been plotted in Figure 3. Least squares fits on the
data sets determine the line slopes or sceling exponents of E ani their corre-
sponding standard deviations. Results of the least squares fits are summarized
in Table ITT. From Figure 3 or Table IT it is seen that neither a 1/L value nor
a 1/3 value for the expouent on effective z2nergy release is lemanstrated by the
data. For the cube-voot scaled experiments the exponent is less than 1/3 and for
the gravity sceled experiments it is greater than 1/L. This result i. similar to
that obtainei from field experiments in Nevada alluvium, even though in Nevaia
experimants conditions of similitude demanded by gravity scaling cannot be realized.

Laboratory experiments with similitude suggest that cube-root scaling is not
valid. Data obtained to date from these laboratory experiments also fail to verify
gravity scalirg. However, in these experiments the inFluence of gravity on crater
size is }ma:r,biguous. & reduction in crater radius by peaxly a factor of 3 is
observed in go_ng from g/ge =1 to LSl (experiments 11-X and 644 of Tables I and
IT} and by more than a factor of 2 in going from g/ge = 1 to 306 (experiments 13-0
and 645). This result strongly supports gravity scaling as being more representa-
tive of the cratering process when similitude is achieved.

That the 1/% exponent on energy for scaling crater radius has not been veri-
fied by the laboratory experliments may be a consequence of too few experiments or
a conseguence of some unidentified effect, such as strain rate, contributing to
violation of similitude among experiments. Clearly more gravity scaled experiments
are required to investigate the guestion further. ’

Conditions for one set of desirable experiments are shown in Figure 4. Illus-

trated in Figure 4 are *hose values of a and g necessary in experiments to cbiain



conditions of similitude with experiment A (a = 1.59 mm, g = 5.02 m/sg) of Gault
and Wedekind. Vertical grid lines in the figure in]ii;:ate the frame acceleration
levels avaeillable in the Gault-Wedekind experimental apparatus. Horizontal grid
lines represent those pellet radil employed by Gault and Wedekind in their experi-
ments. At 9.8 w/s the immacting pellet radius should be 0.81% mm, slightly greater
than that (0.795 mm) used in experiment B. For the other acceleration levels,
7.91, 6.57, 2.65, 1.87, 1.18 and 0.72 m/sz, accessible, the pellet radii should be
1.01, 1.22, 3.02, L.27, 6.76 eni 11,09 mm, respectively, in order to obtain simili-
tude with experiment A. Among these experiments the velocity of impact must be
constant and equal to that of experiment A (6.64 km/s). The energy range covered
by such experiments would be more than 3 orders of megnitude.

Changing the velocity of impact for experiment A provides the ability to
investigale another set of experiments having simil® tude and to examine more
completely the valldity of gravity scaling. Systematic investigation by experiments

3

over a range of values of the similitude constraint parameters, g’E and ag, would

not only provide more extensive data for evaluation of scaling laws but would hope-
3

fully also identify those parameters which are most significant in realizing the

conditlons necessary for similitude.

CONCLUDING REMARKS

Recent laboratory experiwents on impact and explosive cratering suggest that
cube-root scaling is not valid, tending to confirm vprevious findings of large scale
field experiments. These well-controlled leboratory experiments clearly establish
the influence of the gravity field on crater size produced; however, the few
experiments (5) performed with the similitude conditions required by gravity scaling
have not verified quarter-root sealing. If gravity scaling is most appropriate for
describing the cratering process then exploslve cratering experiments conducted in

the field are not similar since the gravitational field is constant =nd medium


http://req.uj.red

properties cannot be varied to achieve conditions of similitude. Data from field
experiments provide empirical relationships zmong selected quantities such as
iimensionless crater volume versus dimensionless depth of buriel. Within these
empiricel relationships are emwbedded influences reflecting, in an unknown way,
violation of similitude. An example of this is the 1/3.l4 scaling rule derived
from field experiments in Nevada alluvium. As a result, such empiricelly establish-
ed cratering relationships cannot be employed with confidence in predicting crater
dimensions produced in other media, in predicting crater dimensions produced by
different explosives in the szme medium and in predicting crater dimensions
produced by much larger explosions whose energy release is considerably beyond the
range of experimental experience.

During the past decade a multitude of field experiments in various media and
with various explosives have proiuced still additional empirical relationships for
relating crater size to explosive energy release. Unfortunately, these experiments
have not furnished new insights into the basic questions of crater scaling. They
have not identified the material properties most significant in the cratering
process nor heve they presented any informatlon on conditions relating to violations
of simllitude, However, recent experiments in accelerating frames have offered the
prouise of gaining increased comprehension of the complex eratering process. A one
gram explosive charge at an acceleration level of 500 times earth gravity can be
used to simulate the cratering of a 125 ton charge in the earth’s gravitational
field. In accelerating frames cratering experiments may be performed under well-
controlled conditions. Experiments may be conducted both with and without the
similitude constraints of dimensional analyses satisfied. Systematic investigations
may be made of the relative importance of medium properties in the cratering process,
their contribution tc violation of similitude constraints and their influence on

cratering as a function of charge size.



Continued laboratory experimentation in impact and explosion cratering holds
the potential, not available in field experiments, for supplying an increased
understanding of the many empirical relatlionships derived from model field expeﬂ-
ments. Computer calculations of explosion ani impact cratering offer another
promising avenue for investigation and additional comprehension. With this
Increased understanding we may expect to apply crater scaling rules with greater
accuracy and confidence to the high energy regimes of interest which are beycnd

our ability to test.
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TABLE I

IMPACT AND EXPLOSION EXPERIMENTS WITH SIMILITUDE CONDITIONS

REQUIRED BY GRAVITY SCALING

a v g, m E q (e/a)3E eg/e r 11,? ﬂf’
EXR,  (m) _ (km/s) € (m) (w3 (x3/g) (5 ¢ (mm) & *
TMPACT EXPERIMENTS (1)
A 1.5%0  6.6F  0.51 L7l 1,038 22.0 0.138 0.811 90.5  3.05 x 105 0.L74
B 0795  6.60 1,00 5.9 0,128  2L.8 0.128 0.795 42,5  3.04 x 1073 0.163
EXPLOSION EXPERIMENTS (2) )
1-X 5.65 - hs1 3%  7.18 5.34  6.59 x J.o8 2548  43.8 3.25 x 1072 0.252
130 5.65 - 451 134%  7.18 5.3 6,59 x 108 2548 43,1 3.25 x 10'2 0.2L8
13-0  8.26 N 306  LoBo 22,7 5.6 6.50 x 10 2528 8.8  3.24 x 1072 0.269

(1) Date of Gault and Wedekind (1977)

(2) Data of Schmidt and Holsapple (1978)

* g = 5.8 m/s2

+ Quart2 szend density = 1650 k.g/m3 for impact experiments
and 1780 kg/m3 for explosion experiments.



TABLE IT

IMPACT AND EXPLOSION EXPERIMENTS WITH SIMITITUDE CONRITIONS

REQUIRED BY CUBE-ROCT SCALING & = g, = 9.8 m/s*

A3 . /3,
B (m) G (m) 3) () m) (ml mro)™/3
IMPACT EXPERIMENTE (1)
¢ 0.795 1.4 5.9 5.77 x 1073 0.980 0 443 167.26
D 0.795 1.k 5.9 5.77 x 1073 0.980 27.5 .43 153.32
E 1.590 1.4 h7.1 4.62 x 1072 0.980 48 .43 133.8t
F 3.175 1.h 375 3.68 x }o'l 0.980 85 .43 118.67
H 0.795 6.6 5.9 0.128 21,78 42.5 1.58 84,26
I 1.590 6.6 h7.1 1.026 21,78 80 1.58 79.32
J 3.175 6.6 375 8.168 21.78 147.5 1.58 73.2h
EXPLOSION EXPERTMENTS (2}
642 5.65 - 1340 7.18 5.36 118 2,94 61.17
6Lb 5.65 - 134" 7.18 5,36 120 2,94 62,20
643 8.26 - LoBO 22,7 5.56 163 2.92 57.57
65 8.26 - 4080 22,7 5.56 164 2.92 57,92

(1) Data (Fig. 4) of Gault and Wedekind (1977).
{2) Data of Schmidt and Holsapple (1978), d = o,

* Target sound speed, C, unknown; in a medium with constant propertiss a/El/3 and :z-/Ell3 represent measures
of the dimensionless N%-terms, Ii: = a(pCz/E)]‘/3 and ﬂ; = r(p(}a/'lz‘.)l 3,



TABLE IIT

SCALING EXPONENT ON EFFECTIVE ENERGY RELEASE FOR SCALTIG CRATER
RADIUS FROM IMPACT AND EXPLOSION EXPERIMENTS, RESULTS OF LEAST SQJARES FI15.

EXP. SIMILITUDE NO. OF SCALING STANDARD

TYPE CONDITTONS EXPERTMENTS EXPONENT DEVIATION
Tmpact Gravity 2 0.274 -
Explosion Gravity 3 0.299 0.009
Impact Cube-Root 4 0.260 0.01k
Impact Cube-~Root 3 0.300 0.002
Explosion Cube-Root L 0.275 0.008




IMPACT CRATER



CRATER RADIUS - r (mm)
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CRATERS IN QUARTZ SAND
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IMPACTING PROJECTILE RADIUS - a (mm)

SIMILITUDE CONSTRAINT
ag = 8 (mm) (m/s2)
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